When including clinical mastitis in the breeding goal, it is useful to know what measure of the trait is most appropriate and its relationship to the primary production traits and indicator traits in the relevant population. In this paper, genetic and phenotypic parameters for clinical mastitis, somatic cell production deviance, and protein yield were estimated for the dairy breed Danish Red.
INTRODUCTION
In recent years, mastitis has received increased attention in selection programs for dairy cattle because cows with clinical mastitis ( CM) increase the cost of production ( 9 ) , and high incidence of CM is not acceptable from an ethical point of view. Moreover, there is a positive genetic correlation between milk yield and mastitis, (3, 18, 20) . Therefore, in breeding programs that emphasize milk yield, the unfavorable genetic correlation between milk yield and CM could result in an increased incidence of CM.
Approximately half of the CM cases occur very early in lactation, and the rest of the cases are evenly distributed over the remainder of lactation. However, the majority of outbreaks may occur for different reasons in the various stages of lactation. For example, in the beginning of lactation, many outbreaks will be due to the physiological stresses of calving and the rapid increase in milk yield. In later parts, most cases are probably caused by physical damage to the teats. An understanding of the incidence of CM during different lactation stages would enable us to decide on the best measure of CM when estimating variance components or predicting breeding values.
The genetic correlation between mastitis and SCC has been estimated to be moderate to high (3, 15, 18) . Because the heritability of SCC has been estimated to be higher than that of mastitis, SCC is an important indicator trait for CM. However, because SCC is measured per unit volume of milk, test day SCC will fluctuate with the milk yield because of a dilution effect ( 1 ) . Somatic cell production [used in (15) ] is much more constant over the lactation in the healthy cow, but the level still depends on the stage of lactation. Therefore, the variable somatic cell produc-tion deviance ( SCPD) is introduced in this study, which is the lactation mean of test day deviance from a normal curve describing the expectation for a healthy cow at any particular stage of lactation.
Most estimates of genetic correlation between mastitis and milk yield and between CM and SCC have been estimated using linear models. These models assume that CM is normally distributed, when in fact, it is a categorical trait. The threshold model ( 2 1 ) is a preferred method for analyzing categorical data and provides a more correct estimation of (co)variance components and breeding values (7, 16) . Previously, the threshold model has been used to estimate the genetic correlation between CM and milk yield (20) , using an algorithm given by Simianer and Schaeffer (19) . However, this algorithm requires that the model for the continuous and the binary trait are the same, and that for all individuals in the analysis, there is a complete record for both traits. If a full Bayesian approach implemented by Gibbs sampling is used, these restrictions can be relaxed by data augmentation, and no approximations have to be made (11) .
The objective of this study was to estimate the heritabilities of CM, SCPD, and protein yield, which is the main component in the Danish selection index for milk production, and genetic and phenotypic correlations between CM and the two continuous traits. These parameters were estimated by use of a Gibbs sampling algorithm. To choose the most appropriate CM measure for these analyses, genetic and phenotypic correlations between CM in different stages of lactation were estimated in preliminary linear model analyses.
MATERIAL AND METHODS

Data for Linear Model Analyses
The Danish milk and health records of all cows of the Danish Red breed that began their first lactation between January 1990 and January 1996 were extracted from the national database. Further requirements for including a record in this analysis were as follows: the sire should have at least five daughters in the analysis, distributed among at least three herds. There should be at least five first calvings per herd by year subclass, and age at first calving should be between 19 and 36 mo.
Additional requirements were set to ensure that all cows with a mastitis record had been lactating in herds with reliable health recording. The basis for the disease recordings is that legislation requires that all cases of CM must be treated by a veterinarian. However, not all veterinarians report the treatments to the database. Therefore, not all herds with some registered cases can be considered to have reliable registrations because they might have changed veterinarians during the study period or ceased recording CM disease treatments for other reasons, which means that the herd records might have started or stopped during the study period. In addition, it is possible for a herd to have just shorter periods with recording, while usually not recording, or shorter periods without recording, while usually recording. For this reason, the following editing rules were set up. Herds cannot be considered before first disease registration. For the remaining period, the herd must have a mastitis incidence of at least 5% (The mean incidence of all herds is approximately 20%.). The study period is divided into 6-mo periods. For each of these periods, records in individual herds were only included in the analysis if the incidence in the period was more than half the total incidence for that herd. From the original data set with 208,723 first lactations, 136,247 were included in the preliminary linear model analysis. The cows were distributed in 2888 herds in 72 year-season subclasses.
Definition of Traits
Protein yield was calculated using standard formulas.
The SCC was determined as follows:
where cells = number of cells/ml of milk if the test day is less than 180 d after calving. The SCPD was determined as follows: Counts of clinical mastitis ( CCM) were the number of medical treatments for CM in the period. For CCM, treatments are only included if they were given at least 7 d after the previous treatment to avoid counting repeated treatments for the same case of mastitis.
Traits and Data For Bayesian Analyses
Results from the linear model analyses were used to select traits to be analyzed using Gibbs sampling as follows. For the final analysis, CM1 was chosen as the best measure for CM for two reasons. First, because the heritability estimates were higher for CM1 than for CM2 to CM6, and the genetic correlations of CM1 to the other periods were near unity, so CM1 was genetically the same trait as CM2 to CM6. Second, there is a risk for selection bias because CM is one of the primary reasons for culling a cow. To be consistent in the analysis, we could only include cows that completed the period of interest (period in risk). However, because CM is one of the primary reasons for culling ( 5 ) , the incidence of mastitis among cows culled in a certain period of risk will be higher than for cows completing the period, which means that if the risk period is such that many cows are excluded, the CM frequency in the analyzed data will be too low. If only the period -10 to 50 d after calving is used (CM1), very few cows would be culled, and selection bias should not influence the results significantly.
The SCPD 10 to 180 d after calving was used in the further analysis because, in general, heritability estimates for SCPD, were similar but were slightly higher than for SCC, and the genetic correlation estimated between SCPD and mastitis was slightly higher than between SCC and mastitis.
In the preliminary analysis, we also found that the sire variance was smaller for evaluated bulls than for young bulls, implying indirect selection due to genetic correlations to production traits. Therefore, only young bulls should be used for estimation of sire variance. Evaluated bulls could have been utilized in the analysis as fixed effects, but because computer requirements were high, only young bulls were included in the final analysis, leaving 38,219 records. Of these, all 38,219 records were complete with respect to protein yield; 31,967 had a record for SCPD, and 23,510 had a record for mastitis. These cows descended from 590 sires, and the mean relative proportion of genes originating from the different breeds was 59% from original Danish Red, 33% from Brown Swiss, 5% from Holstein Friesians, and 3% from others.
Models for Bayesian Analyses
Two bivariate analyses were performed: analysis 1, in which CM1 was analyzed together with SCPD, and analysis 2, in which CM1 was analyzed together with protein yield.
For the binary variable, CM1, the threshold concept was applied (21) , assuming an underlying nonobservable variable (liability). If the liability value exceeds a fixed threshold, CM1 = 1; otherwise, CM1 = 0. The model was formulated in a Bayesian context (11) , in which the data vector was augmented with the unobservable liabilities. Liabilities were later integrated out of the joint posterior distribution, using Gibbs sampling. The bivariate model for the observable continuous trait (SCPD in analysis 1 and protein yield in analysis 2 ) in first lactation, denoted y 1 , and the augmented underlying liabilities for CM1, denoted y 2 was as follows: 
where
, and
To complete the Bayesian specification of the model, prior distributions for all model parameters must be given. For fixed effects, we assume an improper uniform prior, and for the random effects, we assume multivariate normality. For G 0 , H 0 , and R 0 , we chose flat priors as well. The distributions sampled from this setting can be seen in Jensen (11) .
The Gibbs sampler was run in a single, long-chain scheme ( 6 ) . To judge convergence, we use a standardized time series method of batch means (6, 8) . By division of the chain, of length n, into m batches of equal size, the batch means For analysis 1, the sampler ran for another 30,000 rounds, and analysis 2 ran for 21,000 rounds, which was due to somewhat better mixing properties. All samples after the burn in period were saved for postGibbs analysis.
RESULTS AND DISCUSSION
Linear Model Analysis
Preliminary analyses of CM in different lactation periods (CM1 to CM6) were performed using a linear sire model. The likelihoods were maximized using an average information restricted maximum likelihood procedure (AI-REML) ( 1 3 ) with the DMU package (11) . The model included fixed year-season effects, age at first calving, effects of evaluated bulls, and breed effects caused by immigration of genes from Brown Swiss and Holstein Friesian into Danish Red. The breed effects were included as the regressions of the proportion of genes from the involved breeds ( b breed ) , and heterosis effects were included as regressions of the degree of heterozygosity between breed i and breed j ( b het( breed( i) /breed( j) ) ) . Random effects in the model were young bulls and herd-year effects.
First, a univariate model was run for each definition of mastitis. The heritability estimates are shown in Table 1 . Estimates are given on the phenotypic scale and are also transformed to the underlying scale.
Results in Table 1 show that the main source of genetic variation is found in early lactation, which follows because the heritability is estimated to be higher for CM1 than for CM2, CM3, and CM6, which are defined for later stages of lactation. Consequently, the heritability for CM5 is only slightly higher than for CM1, even on the phenotypic scale. This slight increase is caused by the frequency of clinical cases being twice as high for CM5 as for CM1. Therefore, the heritability on the underlying scale is highest for CM1. These results suggest that outbreaks of CM in the beginning of lactation, when the animals are facing high physiological demands, are related to the cow's genetic resistance to CM, whereas outbreaks later in the lactation occur at random. The result of bivariate analyses performed to estimate genetic correlations between the different periods are in Table 2 .
In Table 2 , we show that even though heritability estimates for CM2 and CM3 are very low, the genetic correlation to CM1 is high. Consequently, genetic correlation between CM1 and CM in the whole lactation (CM5) is near unity.
Other results from the preliminary analysis, which are not shown specifically, are that the heritability for CCM was not higher than for CM, suggesting a lower heritability on the underlying scale.
Bayesian Analyses of Bivariate Models
All plots of the marginal posterior densities of heritabilities and genetic and phenotypic correlations were symmetric, which is why the results are only given as summary statistics of the densities.
In Table 3 , means and standard deviations are given for the marginal posterior densities of heritabilities for CM1 and SCPD and also for additive genetic and environmental correlations. The heritability estimates for CM1, SCPD, and the genetic correlation between those are high compared with previously published results for similar traits ( 9 ) , which is, based on results from the preliminary analysis, believed to be because we only included young bulls in the analysis such that variance reduction that was due to indirect selection has not affected the estimates. Also, preliminary results showed that heritability for SCPD was estimated to be somewhat higher than for SCC, as is the genetic correlation to mastitis. The results show that in the analyzed population SCPD would be a very good indicator trait to support the direct selection for reduced incidence of mastitis. Table 3 also shows that the posterior correlation between estimated parameters (e.g., between heritabilities and correlations) were close to zero, which indicates that there was no problem in separating these parameters.
Estimates of breed and heterosis effects from analysis 1 are given in Table 4 . In general, the results regarding breed and heterosis effects show that it is difficult to separate the breed effects from the heterosis effects, which is mainly because the only purebred cows in the population are Danish Red, and Brown Swiss genes are only present in some proportion due to crossing into the population. For SCPD, a significant difference in breed effects between Danish Red and Brown Swiss was found: animals that were crosses between Danish Red and Brown Swiss had a lower level of SCPD. However, this difference was offset by the positive heterosis between the two breeds. The higher level of SCPD in Danish Red compared with Brown Swiss is not reflected in the effects estimated for CM1, for which there is no difference between the breeds. This result shows that ignoring these breed and heterosis effects in the analysis may have biased the genetic correlation between the two traits downward. In Table 5 , means and standard deviations are given for the marginal posterior densities of heritability for mastitis and protein yield, along with additive genetic and phenotypic correlations. The heritability estimate for protein yield is somewhat low. The posterior mean of heritability for mastitis is different in the two analyses. The difference is too big to be explained by Monte Carlo variance. One other explanation could be numerical problems with the threshold model. Simianer et al. ( 2 0 ) found a large variation for heritability estimates of binary disease resistance traits from different subanalyses when using the threshold model. They explained the variation with small subclass numbers for fixed effects, which is known to give a positive bias in estimates of variance components (10, 17, 19) . However, in the current study, the herd-year effect that could lead to small subclass numbers was treated as a random effect. Treating class effects as random has been shown to reduce the bias (17) . Also, the estimate is close to the value estimated using a sire model, when transformed to the underlying scale (Table 1) , indicates that the high estimate is not due to numerical problems in the threshold model. Therefore, the reason might be that for computational reasons, we had to exclude records that did not have an observation for the continuous trait. Because an SCPD record requires that the cow had more than 180 d in lactation, some cows, which were culled early in the lactation, were excluded from the first analysis. For a protein yield record, just two test-days are required, so very few cows were excluded from the second analysis. Because the trait being analyzed is a main factor in culling decisions, this can lead to selection bias.
Results in Table 6 indicate that Danish Red and Brown Swiss have similar breed effects, and that there is a slight heterosis effect between the two breeds (Table 6 ).
In conclusion, the best measure for CM was, for the analyzed population, found to be the absence or presence of treatment for CM in the period -10 to 50 d after calving, referred to as CM1. The genetic correlation between CM1 and protein yield was estimated to be 0.43. Protein yield is the main trait in the Danish selection index for milk production, which could lead to a deterioration of genetic resistance to CM. However, the estimated heritability of around 0.1 for CM1 on the underlying scale suggests that this deterioration can be avoided by including CM in the breeding goal. In addition, SCPD was confirmed to be a good indicator trait for CM1 with an estimated heritability of 0.17 and a genetic correlation to CM1 of 0.80. 
